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(57) ABSTRACT

An apparatus for cancelling a self-interference signal
between a transmission antenna and a reception antenna is
disclosed. The apparatus includes a first self-interference sig-
nal cancellation unit for cancelling a self-interference signal
in consideration of a linear channel between the transmission
antenna and the reception antenna, a second self-interference
signal cancellation unit for cancelling a self-interference sig-
nal in consideration of nonlinear channel characteristic
between the transmission antenna and the reception antenna
or linear characteristic of a radio channel, and a controller for
comparing a transmitted signal output from the transmission
antenna and a received signal received by the reception
antenna to provide a first coefficient to be applied to self-
interference signal cancellation of a linear device in the first
self-interference signal cancellation unit and a second coef-
ficient to be applied to self-interference signal cancellation of
a nonlinear device in the second self-interference signal can-
cellation unit.

8 Claims, 13 Drawing Sheets
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FIG. 2

(=l

o -duplex
Co-channel interference transmission




U.S. Patent Feb. 16, 2016 Sheet 3 of 13 US 9,264,153 B2

______________________________________________



U.S. Patent Feb. 16, 2016 Sheet 4 of 13 US 9,264,153 B2

FIG. 4

Signal of interest
Interference signal P G =N
Sum signal
before ADC
after ADC
after digital
nanpallatinn
valivwliduivil
and
scaling




U.S. Patent Feb. 16, 2016 Sheet 5 of 13 US 9,264,153 B2

FIG. 9

before ADC

after ADC

after digital
cancellation
and
scaling




US 9,264,153 B2

Sheet 6 of 13

Feb. 16, 2016

U.S. Patent

OPP-TZ-2014-0225-US-00

RILLCE 1 Sojenry Loomav | Drpuegaseq

| | AA N v | _/
N /| |
W s%mwﬁ%o Y m IV m 111 nddewag surpoaa
m m m ‘_Q,)_uoom
W Etmwﬁ_g Fudeys aaepy ” ava ” L4d1 1addepy auipoduy
W _ _ JONIWSTRT |
| | |

9 Dl

27



U.S. Patent Feb. 16, 2016 Sheet 7 of 13 US 9,264,153 B2

FIG. 7
Antenna Cancellation
TX1 RX TX2
_I_
/ d N/ d+ A2 N/

Combiner Splitter




U.S. Patent Feb. 16, 2016 Sheet 8 of 13 US 9,264,153 B2

FIG. 9
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FIG. 11
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1
METHOD AND APPARATUS FOR
CANCELLING SELF-INTERFERENCE
SIGNAL BETWEEN TRANSMISSION
ANTENNA AND RECEPTION ANTENNA

Pursuant to 35 U.S.C. §119(e), this application claims the
benefit of U.S. Provisional Application No. 61/984,842, filed
on Apr. 27, 2014, which is hereby incorporated by reference
as if fully set forth herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to wireless communication,
and more particularly, to a method and apparatus for cancel-
ling a self-interference signal between a transmission (Tx)
antenna and a reception (Rx) antenna.

2. Discussion of the Related Art

A full duplex radio (FDR) or full duplex communication
scheme refers to acommunication scheme for simultaneously
supporting transmission and reception using the same
resource in one user equipment (UE). In this case, the same
resource refers to the same time and the same frequency. FDR
communication or full duplex communication is referred to
as two-way communication.

FIG. 1 is a diagram illustrating concept of a UE and a base
station (BS), which support FDR. Referring to FIG. 1, in a
network state that supports FDR, there are three types of
interferences. First interference is intra-device self-interfer-
ence. The intra-device self-interference refers to interference
caused by signals that are transmitted from a transmission
(Tx) antenna and received by a receiving (Rx) antenna in one
BS or UE. Since the signals transmitted from the Tx antenna
are transmitted with high power and a distance between the
Tx antenna and the Rx antenna is small, the transmitted
signals are received by the Rx antenna while attenuation is
barely caused, and thus, are received with higher power than
a desired signal. Second interference is UE to UE inter-link
interference. In a network that supports FDR, the UE to UE
inter-link interference is increasingly caused. The UE to UE
inter-link interference refers to interference caused by uplink
signals that are transmitted from a UE and received by an
adjacently positioned UE. Third interference is BS to BS
inter-link interference. Similarly, in a network state that sup-
ports FDR, BS to BS inter-link interference is increasingly
caused. The BS to BS inter-link interference refers to inter-
ference caused by signals that are transmitted between BSs or
heterogeneous BSs (pico, femto, and relay) in a HetNet state
and received by an Rx antenna of another BS.

Among the three types of interferences, the intra-device
self-interference (hereinafter, referred to as self-interference)
is influence of interference caused only in FDR. In order to
manage FDR, a most serious problem is cancellation of self-
interference. However, methods for effectively cancelling
self-interference in an FDR state have not been discussed in
detail.

SUMMARY OF THE INVENTION

An object of the present invention is to provide an appara-
tus for cancelling a self-interference signal between a trans-
mission (Tx) antenna and a reception (Rx) antenna.

Another object of the present invention is to provide a
method for cancelling a self-interference signal between a Tx
antenna and a Rx antenna.

Additional advantages, objects, and features of the inven-
tion will be set forth in part in the description which follows
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2

and in part will become apparent to those having ordinary
skill in the art upon examination of the following or may be
learned from practice of the invention. The objectives and
other advantages of the invention may be realized and
attained by the structure particularly pointed out in the written
description and claims hereof as well as the appended draw-
ings.

To achieve these objects and other advantages and in accor-
dance with the purpose of the invention, as embodied and
broadly described herein, an apparatus for cancelling a self-
interference signal between a transmission antenna and a
reception antenna includes a first self-interference signal can-
cellation unit for cancelling a self-interference signal in con-
sideration of a linear channel between the transmission
antenna and the reception antenna, a second self-interference
signal cancellation unit for cancelling a self-interference sig-
nal in consideration of nonlinear channel characteristic or
linear characteristic of a radio channel between the transmis-
sion antenna and the reception antenna, and a controller for
comparing a transmitted signal output from the transmission
antenna and a received signal received by the reception
antenna to provide a first coefficient to be applied to self-
interference signal cancellation of a linear element in the first
self-interference signal cancellation unit and a second coef-
ficient to be applied to self-interference signal cancellation of
a nonlinear element in the second self-interference signal
cancellation unit. The second self-interference signal cancel-
lation unit may cancel a self-interference signal of a nonlinear
element using the second coefficient. The first self-interfer-
ence signal cancellation unit may cancel a linear self-inter-
ference signal in consideration of time taken to receive the
transmitted signal by the reception antenna using the first
coefficient. The first self-interference signal cancellation unit
and the second self-interference signal cancellation unit may
be configured in series between a receiver including the trans-
mission antenna and a receiver including the reception
antenna. The controller may be configured between the trans-
mission antenna and the reception antenna. The controller,
the first self-interference signal cancellation unit, and the
second self-interference signal cancellation unit may be con-
nected and configured in series between a node between a
band pass filter and a transmission antenna at a transmitter
and a node between a band pass filter and a reception antenna
at a receiver.

In another aspect of the present invention, a method for
cancelling a self-interference signal between a transmission
antenna and a reception antenna includes comparing a trans-
mitted signal output from the transmission antenna and a
received signal received by the reception antenna to provide a
first coefficient to be applied to self-interference signal can-
cellation of a linear element and a second coefficient to be
applied to self-interference signal cancellation of a nonlinear
element, cancelling a linear self-interference signal using the
first coefficient, and cancelling a nonlinear self-interference
signal using the second coefficient. The cancelling of the
linear self-interference signal may include cancelling a self-
interference signal in consideration of time taken to receive
the transmitted signal by the reception antenna using the first
coefficient.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to pro-
vide a further understanding of the invention and are incor-
porated in and constitute a part of this application, illustrate
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embodiment(s) of the invention and together with the descrip-
tion serve to explain the principle of the invention. In the
drawings:

FIG.1is adiagram illustrating concept of a user equipment
(UE) and a base station (BS), which support full duplex radio
(FDR);

FIG. 2 is a block diagram illustrating a structure of BS and
a UE 110 in a wireless communication system;

FIG. 3 is adiagram illustrating concept of self interference;

FIG. 4 is a diagram illustrating signal distortion due to
quantization errors and FIG. 5 is a diagram illustration signal
recovery when quantization errors are low;

FIG. 5 shows an example in which an interference signal
has lower power than a desired signal and the desired signal is
recovered after the interference signal is cancelled;

FIG. 6 is a diagram for explanation of a scheme for can-
celling self-interference;

FIG. 7 is a diagram for explanation of an antenna interfer-
ence cancellation (IC) scheme using a distance between
antennas;

FIG. 8 is a diagram for explanation of an antenna IC
scheme using a phase shifter;

FIG. 9 illustrates interference cancelling performance
according to a bandwidth and center frequency of a signal;

FIG. 10 is a diagram illustrating a system obtained by
combining interference cancellation (IC) schemes;

FIG. 11 is a block diagram for interference cancellation in
an environment in which orthogonal frequency division mul-
tiplexing (OFDM) is used;

FIG. 12 is a diagram illustrating S parameter characteristic
of an antenna for a frequency;

FIG. 13 is a diagram illustrating frequency versus antenna
gain characteristic;

FIG. 14 is a diagram illustrating an example of an analog
cancellation scheme;

FIG. 15 is a block diagram for reflection of nonlinear
distortion characteristic;

FIG. 16 is a diagram illustrating an analog cancellation
scheme that considers nonlinear characteristic of a self-inter-
ference signal according to the present invention;

FIG. 17 is a block diagram illustrating an example of an
analog cancellation scheme and illustrates the case in which
the analog cancellation scheme is extended, Q=2, and K=2;

FIG. 18 is a diagram illustrating an analog cancellation
scheme that considers nonlinear characteristic of a self-inter-
ference signal according to the present invention; and

FIG. 19 is a diagram illustrating an analog cancellation
scheme that considers nonlinear characteristic of a self-inter-
ference signal according to the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Reference will now be made in detail to the exemplary
embodiments of the present invention with reference to the
accompanying drawings. The detailed description, which
will be given below with reference to the accompanying
drawings, is intended to explain exemplary embodiments of
the present invention, rather than to show the only embodi-
ments that may be implemented according to the invention.
The following detailed description includes specific details in
order to provide a thorough understanding of the present
invention. However, it will be apparent to those skilled in the
art that the present invention may be practiced without such
specific details. For example, the following description
focuses upon a case in which a mobile communication system
is a 3rd generation partnership project (3GPP) long term
evolution (LTE) system or a LTE-advanced (LTE-A) system.
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However, the present technical features, aside from unique
features of 3GPP LTE and LTE-A may be applied to any other
mobile system.

In some instances, well-known structures and devices are
omitted in order to avoid obscuring the concepts of the
present invention and important functions of the structures
and devices are shown in block diagram form. The same
reference numbers will be used throughout the drawings to
refer to the same or like parts.

In addition, in the following description, it is assumed that
a user equipment (UE) refers to any mobile or fixed type
device of a user side, such as a user equipment, a mobile
station (MS), an advanced mobile station (AMS), etc., and
that a base station (BS) refers to any node of a network side
that communicates with the UE, such as a Node B, an eNode
B, a base station, access point (AP), etc. Throughout this
specification, the technical features of the present invention
are described based on an institute of electrical and electronic
engineers (IEEE) 802.16 system, but may be applied to vari-
ous other communication systems.

In a mobile communication system, a UE may receive
information from a BS in downlink and transmit information
in uplink. The information transmitted or received by the UE
may be data and various control information. In addition,
there are various physical channels according to the type or
use of the information transmitted or received by the UE.

The following technical features can be applied to a variety
of wireless access technologies, for example, code division
multiple access (CDMA), frequency division multiple access
(FDMA), time division multiple access (TDMA), orthogonal
frequency division multiple access (OFDMA), single carrier
frequency division multiple access (SC-FDMA), and the like.
CDMA may be embodied through radio technology such as
universal terrestrial radio access (UTRA) or CDMA2000.
TDMA may be embodied through radio technology such as
global system for mobile communication (GSM)/general
packet radio service (GPRS)/enhanced data rates for GSM
evolution (EDGE), etc. OFDMA may be embodied through
radio technology such as IEEE 802.11 (Wi-Fi), IEEE 802.16
(WiMAX), IEEE 802-20, evolved UTRA (E-UTRA), and the
like. UTRA is a part of a universal mobile telecommunica-
tions system (UMTS). 3GPP LTE is a part of evolved UMTS
(E-UMTS), which uses E-UTRA. The 3GPP LTE employs
OFDMA in downlink and employs SC-FDMA in uplink. LTE
advanced (LTE-A) is an evolved version of 3GPP LTE.

It should be noted that specific terms disclosed in the
present invention are proposed for convenience of description
and better understanding of the present invention, and the use
of these specific terms may be changed to other formats
within the technical scope or spirit of the present invention.

FIG. 2 is a block diagram illustrating a structure of a base
station (BS) 105 and a user equipment (UE) 110 in a wireless
communication system 100.

Although one BS 105 and one UE 110 (including a D2D
UE) are illustrated in order to simply illustrating the wireless
communication system 100, the wireless communication sys-
tem 100 may include one or more BSs and/or one or more
UEs.

Referring to FIG. 2, the BS 105 may include a transmission
(Tx) data processor 115, a symbol modulator 120, a transmit-
ter 125, a Tx/Rx antenna 130, a processor 180, a memory 185,
a receiver 190, a symbol demodulator 195, and a reception
(Rx) data processor 197. In addition, the UE 110 may include
a Tx data processor 165, a symbol demodulator 170, a trans-
mitter 175, a Tx/Rx antenna 135, a processor 155, a memory
160, a receiver 140, a symbol demodulator 145, and an Rx
data processor 150. Although FIG. 2 illustrates that each of
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the BS 105 and the UE 110 includes the Tx/Rx antennas 130
and 135, respectively, each the BS 105 and the UE 110
includes a plurality of Tx/Rx antennas. Accordingly, the BS
105 and the UE 110 according to the present invention sup-
port a multiple input multiple output (MIMO) system. In
addition, the BS 105 according to the present invention may
support both single user-MIMO (SU-MIMO) and multi user-
MIMO (MU-MIMO) schemes.

In downlink, the Tx data processor 115 receives traffic
data, formats and codes the received traffic data, and inter-
leaves and modulates (or symbol-maps) the coded traffic data
to provide modulated symbols (“data symbols™). The symbol
modulator 120 receives and processes the data symbols and
pilot symbols to provide a stream of symbols.

The symbol modulator 120 multiplexes the data and pilot
symbols and transmits the multiplexed data and pilot symbols
to the transmitter 125. In this case, each transmitted symbol
may be a data symbol, a pilot symbol, or a zero signal value.
In each symbol period, pilot symbols may be consecutively
transmitted. The pilot symbols may each be a frequency divi-
sion multiplexing (FDM) symbol, an orthogonal frequency
division multiplexing (OFDM) symbol, a time division mul-
tiplexing (TDM) symbol, or a code division multiplexing
(CDM) symbol.

The transmitter 125 receives the stream of symbols, con-
verts the stream into one or more analog signals, and further
adjusts (e.g., amplifies, filters, and frequency-upconverts) the
analog signals to generate a downlink signal appropriate for
transmission via a radio channel. Then the Tx antenna 130
transmits the generated downlink signal to the UE 110.

In the structure of the UE 110, the Rx antenna 135 receives
the downlink signal from the BS 105 and provides the
received signal to the receiver 140. The receiver 140 adjusts
(e.g., filters, amplifies, and frequency-downconverts) the
received signal and digitizes the adjusted signal to acquire
samples. The symbol demodulator 145 demodulates the
received pilot symbols and provides the pilot symbols to the
processor 155 for channel estimation.

In addition, the symbol demodulator 145 receives a fre-
quency response estimated value for downlink from the pro-
cessor 155, data-demodulates the received data symbols to
acquires data symbol estimated values (which is estimated
values of the transmitted data symbols), and provides the data
symbol estimated values to the Rx data processor 150. The Rx
data processor 150 demodulates (i.e., symbol-demaps),
deinterleaves, and decodes the data symbol estimated values
to recover the transmitted traffic data.

Processing operations by the symbol demodulator 145 and
the Rx data processor 150 are complementary to processing
operations of the symbol modulator 120 and the Tx data
processor 115 in the BS 105, respectively.

In uplink, the Tx data processor 165 of the UE 110 pro-
cesses traffic data to provide data symbols. The symbol
demodulator 170 may receive and modulate the data symbols
and provide a stream of the symbols to the transmitter 175.
The transmitter 175 receives and processes the stream of
symbols to generate an uplink signal. In addition, the Rx
antenna 135 transmits the generate uplink signal to the BS
105.

Inthe BS 105, an uplink signal from the UE 110 is received
by the Rx antenna 130, and the receiver 190 processes the
received uplink signal to acquire samples. Then the symbol
demodulator 195 processes the samples to provide pilot sym-
bols and data symbol estimated values which are received for
downlink. The reception (Rx) data processor 197 processes
the data symbol estimated values to recover the traffic data
transmitted from the UE 110.
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The processors 155 and 180 of the UE 110 and the BS 105
order (e.g., controls, manipulates, manages, etc.) operations
of the UE 110 and the BS 105, respectively. The processors
155 and 180 may be respectively connected to the memories
160 and 185 which store program codes and data. The memo-
ries 160 and 185 are respectively connected to the processors
155 and 180 and store an operating system, application, and
general files.

The processors 155 and 180 may be referred to as a con-
troller, a microcontroller, a microprocessor, a microcom-
puter, or the like. The processors 155 and 180 may each be
embodied by hardware, firmware, software, or a combination
thereof. When an embodiment of the present invention is
embodied by hardware, the processors 155 and 180 may
include application specific integrated circuits (ASICs), digi-
tal signal processors (DSPs), digital signal processing devices
(DSPDs), programmable logic devices (PLDs), field pro-
grammable gate arrays (FPGAs), or the like which is config-
ured to execute the present invention.

When an embodiment of the present invention is embodied
by firmware or software, firmware or software may be con-
figured in the form of a module, a procedure, a function, etc.
which perform function or operations according to the
present invention. Firmware or software configured to imple-
ment the present invention may be included in the processors
155 and 180 or stored in the memories 160 and 185 and driven
by the processors 155 and 180.

Layers of a wireless interface protocol between wireless
communication systems (network) of the UE 110 and the BS
105 may be classified into a first layer L1, a second layer [.2,
and a third layer L3 based on three lower layers of an open
system interconnection (OSI) model that is well known in a
communication system. A physical layer belongs to the first
layer L1 and provides an information transfer service through
a physical channel. A radio resource control (RRC) layer
belongs to the third layer (I.3) and provides control radio
resources between the UE 110 and a network. The UE 110
and the BS 105 may exchange RRC messages through a
wireless communication network and an RRC layer.

Throughout this specification, the processor 155 of the UE
110 and the processor 180 of the BS 105 perform an operation
for processing signals and data except for a function of receiv-
ing or transmitting signals by the UE 110 and the BS 105 or a
storing function. However, hereinafter, for convenience of
description, the processors 155 and 180 will not be specially
stated. Unless the processors 155 and 180 are not stated, a
series of operations such as data processing but not the func-
tion of transmitting or receiving signals and the storing func-
tion may be performed.

FIG. 3 is adiagram illustrating concept of self interference.

As illustrated in FIG. 3, a signal transmitted from a UE is
received by an Rx antenna of the UE and acts as interference.
This interference has different characteristic from other inter-
ferences. According to the first characteristic, a signal that
acts as interference may be considered as a completely known
signal. According to the second characteristic, power of a
signal that acts as interference is very high compared with a
desired signal. Due to this point, even if a signal that acts as
interference is completely known, the interference cannot be
completely cancelled at a receiver. The receiver uses an ana-
log to digital converter (ADC) in order to convert a signal
received by the receiver into a digital signal. In general, the
ADC measures power of a received signal, adjusts a power
level of the received signal according to the measured power,
quantizes the received signal, and then, converts the signal
into a digital signal. However, since an interference signal is
received with higher power than a desired signal, the signal
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characteristic of the desired signal is covered by a quantiza-
tion level during the quantization, and thus, the signal cannot
be recovered.

FIG. 4 is a diagram illustrating signal distortion due to
quantization errors. FIG. 5 is a diagram illustration signal
recovery when quantization errors are low.

InFIG. 4, for example, quantization is assumed to be 4 bits.
As seen from FIG. 4, when an interference signal has much
higher power than a desired signal, if quantization is per-
formed, even if the interference signal is cancelled, the
desired signal is highly distorted. On the other hand, FIG. 5§
shows an example in which an interference signal has lower
power than a desired signal and the desired signal is recovered
after the interference signal is cancelled. In this situation, a
scheme for cancelling self-interference may be classified into
4 schemes according to a position in which the scheme is
performed.

FIG. 6 is a diagram for explanation of a scheme for can-
celling self-interference.

Referring to FIG. 6, the scheme for cancelling self-inter-
ference may be classified into 4 schemes of a baseband IC
scheme, an ADC IC scheme, an analog IC scheme, and an
antenna IC scheme according to a position in which the
scheme is performed.

FIG. 7 is a diagram for explanation of an antenna IC
scheme using a distance between antennas.

The antenna IC scheme can be implemented via a simplest
method among all IC schemes and can be performed as shown
in FIG. 7. That is, one UE cancels interference using three
antennas and uses two antennas as a Tx antenna and one
antenna as an Rx antenna among the three antennas. The two
Tx antennas are installed at a distance difference correspond-
ing to about wavelength/2 based on the Rx antenna in order to
receive a signal transmitted from each Tx antenna as a signal,
a phase of which is inversed, in terms of the Rx antenna.
Accordingly, an interference signal among signals that are
lastly received by the Rx antenna converges toward 0. Alter-
natively, in order to inverse a phase of'a second Tx antenna, an
interference signal can be cancelled using a phase shifter as
illustrated in FI1G. 8 without using a distance between anten-
nas as illustrated in FIG. 7.

FIG. 8 is a diagram for explanation of an antenna IC
scheme using a phase shifter.

In FIG. 8, aleft diagram illustrates a scheme for cancelling
self-interference using two Rx antennas and a right diagram
illustrates a scheme for cancelling interference using two Tx
antennas. These antenna interference cancelling schemes are
affected by abandwidth and center frequency of a transmitted
signal. As a bandwidth of a transmitted signal is reduced and
a center frequency of the transmitted signal is increased,
interference cancelling performance is more strengthened.
FIG. 9 illustrates interference cancelling performance
according to a bandwidth and center frequency of a signal. As
illustrated in FIG. 9, as a bandwidth of a transmitted signal is
reduced and a center frequency of the transmitted signal is
increased, interference cancelling performance is more
strengthened.

An ADC IC scheme will now be described. The ADC IC
scheme refers to a technology for easily cancelling interfer-
ence by maximizing the performance of an ADC that has a
most serious problem in that interference cannot be cancelled
even if an interference signal is pre-known. Although it is
disadvantageous in that the ADC IC scheme cannot be
applied due to quantization bit limitation of the ADC for
actual embodiment, self-interference cancellation perfor-
mance required by a trend of gradually improving ADC per-
formance may be lowered.
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An analog IC scheme will now be described. The analog IC
scheme is a scheme for cancelling interference prior to an
ADC and cancels self-interference using an analog signal.
The analog IC scheme may be performed in a radio frequency
(RF) region or performed in an IF region. Interference is
cancelled simply by phase and time-lagging a transmitted
analog signal and subtracting the analog signal from a signal
received by an Rx antenna. The analog IC scheme is advan-
tageous in that only one Tx antenna and one Rx antenna are
required unlike the antenna IC scheme. However, since pro-
cessing is performed using an analog signal, distortion may
further occur due to complex implementation and circuit
characteristic, thereby highly changing interference cancel-
lation performance.

A digital IC scheme will now be described. The digital IC
scheme refers to a scheme for cancelling interference after an
ADC and includes any interference cancelation performed in
a base band region. As a simplest scheme is embodied by
subtracting a transmitted digital signal from a received digital
signal. Alternatively, a UE or BS that transmits signals using
multi antennas may perform beamforming or precoding so as
not to receive the transmitted signal by an Rx antenna. In this
regard, when these schemes are performed in a base band,
these schemes may also be classified as digital IC. However,
the digital IC is possible when a signal modulated in a digital
form is quantized so as to recover information about a desired
signal. Accordingly, the digital IC is disadvantageous in that
an amplitude difference of signal power between a desired
signal and an interference signal obtained by cancelling inter-
ference via one or more scheme among the above schemes
needs to be within an ADC range in order to perform the
digital IC.

FIG. 10 is a diagram illustrating a system obtained by
combining interference cancellation (IC) schemes.

The system illustrated in FIG. 10 is a system to which the
above schemes are simultaneously applied and overall inter-
ference cancellation performance is improved by combining
interference cancellation schemes of respective regions. A
scheme proposed according to the present invention proposes
a series of procedures and frame structure for cancelling
self-interference via a simplest antenna IC scheme among the
above schemes and improving overall cell throughput. How-
ever, when all of the analog, ADC, and digital IC schemes as
well as the antenna IC schemes are applied, even if the
scheme proposed according to the present invention, cell
throughput may also be improved.

General analog cancellation is achieved via a subtraction
method prior to a low noise amplifier (LNA) of a receiver
using a signal after a power amplifier (PA) of a transmitter.
This is because influence of a signal received by an actual
antenna can be effectively reflected only when the signal is
extracted from a last node of the transmitter.

FIG. 11 is a block diagram for interference cancellation in
an environment in which orthogonal frequency division mul-
tiplexing (OFDM) is used.

In the block diagram of FIG. 11, functional blocks accord-
ing to their purposes may be added or omitted. In addition, a
digital cancellation block may be located after an IFFT unit.
However, digital cancellation may be performed directly
using a digital signal before a DAC and after an ADC or
performed using a signal before an FFT and after an IFFT. In
addition, FIG. 11 is a conceptual diagram for separating a Tx
antenna and an Rx antenna and cancelling a self-interference
signal, but an antenna configuration may be changed when
FDR is possible using one antenna.

A conventional analog cancellation scheme uses an attenu-
ator and a delay device in order to reflect channel character-
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istic (time delay and size/phase change until an actual RF
signal is output from a Tx antenna and is received by an Rx
antenna) between a Tx antenna and an Rx antenna. However,
when an analog signal is manipulated using only the attenu-
ator and the delay device, only linear influence can be
reflected. This is because it is assumed that antenna charac-
teristic and channel characteristic are linear. Frequency char-
acteristic of an antenna is defined as an S parameter.

FIG. 12 is a diagram illustrating S parameter characteristic
of an antenna for a frequency.

InFIG. 12, a signal is radiated in a region with S11, the size
of' which is small. That is, when an antenna having wideband
characteristic is designed, the antenna has small S11 in a wide
region as illustrated in FIG. 12, and when an antenna having
narrow characteristic is designed, the antenna has very sharp
S parameter characteristic.

In reality, when an antenna is physically designed, fre-
quency versus antenna gain characteristic may be achieved as
illustrated in FIG. 13. FIG. 13 is a diagram illustrating fre-
quency versus antenna gain characteristic.

As illustrated in FIG. 13, a narrowband wireless commu-
nication system transmits a signal in a narrow frequency
region and thus, it may be determined that frequency versus
antenna gain is linear. However, when a signal is transmitted
in a wide band, antenna gain forms a curve shape and each
frequency has nonlinear gain, and thus, nonlinear character-
istic may be considered. In addition, the nonlinear character-
istic of antenna gain may deepen according to an antenna
configuration method or when the antenna has directivity.
Thus, there is a need for an analog cancellation scheme that
considers the nonlinear characteristic of a radio channel and
antenna after a power amplifier (PA).

FIG. 14 is a diagram illustrating an example of an analog
cancellation scheme.

In general, analog cancellation may be described with ref-
erence to FIG. 14. That is, an analog cancellation unit divides
a signal output from a transmitter, equalizing the signal and a
self-interference signal using a variable delay unit and vari-
able attenuator for reflecting influence of attenuation and time
taken to receive a signal transmitted from a Tx antenna by an
Rx antenna, and then subtracts the self-interference signal at
a receiver prior to an LNA. In this case, a system may be
designed without using a band pass filter of a transmitter and
a receiver due to system purpose. In addition, any scheme for
generating the same signal as a self-interference signal using
a plurality of fixed delay units and a variable attenuator may
also be included and applied to the scheme proposed accord-
ing to the present invention.

However, since the delay device and the attenuator are
linear devices, the delay device and the attenuator cannot
reflect nonlinear characteristic. Accordingly, the present
invention proposes an analog cancellation scheme for form-
ing the same signal as a self-interference signal and subtract-
ing the self-interference signal to have excellent performance
compared with a conventional scheme by an analog cancel-
lation unit in consideration of the nonlinear characteristic of
an antenna and a radio channel.

When an input signal is distorted due to a nonlinear device,
an output signal may be represented in the form of Taylor
series or power series according to Expression 1 below.

o [Expression 1]
Y0 = bx@lx@l D

k=1
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In this case, x(1) is an input signal, y(t) is an output signal,
b, is a random constant, k is a degree, and t is time.

Alternatively, the output signal may be represented in the
form of Volterra series. In this case, the output signal may be
represented in the sum of the set of Expression 1 for random
time q. Here, influence of memory effect can also be consid-
ered. Through this, nonlinear gain to a frequency can be
effectively modeled and can be represented according to
Expression 2 below.

o L [Expression 2]
D byt = plxtr - gl *

k=1

D18

MOES

i
=3

q

Here, x(t) is a signal that passes through a band pass filter
at a transmitter, that is, an input signal before being transmit-
ted through an antenna at the transmitter. Assuming that the
aforementioned nonlinear characteristic of the antenna and
radio channel is lower than linear characteristic, b, is reduced
as kis increased. Accordingly, a degree up to infinity does not
have to be considered. In addition, in general, the degree may
be considered up to third to seventh degrees. In addition,
when symmetric characteristic of an input signal is ensured,
Expression 3 below may be obtained in consideration of only
an odd number among degrees for generating an output signal
(although the proposed scheme is not limited to the case in
which only an odd number is considered as a degree, only an
odd number is considered for convenience of description.).

K [Expression 3]
YO =" bx(olxoe)

k=1

where K is a random natural number.

Alternatively, when the output signal is represented in the
form of Volterra series, Expression 4 below can be achieved.
In this case, Q refers to a random natural number including 0.

g & [Expression 4]
Y= D1 bagntt = itz - XD

g=0 k=1

Accordingly, blocks of FIG. 15 may be configured to gen-
erate and subtract the same signal as a self-interference signal
that is distorted due to the nonlinear characteristic of an
antenna and radio channel.

FIG. 15 is a block diagram for reflection of nonlinear
distortion characteristic.

FIG. 15 illustrates components of an analog cancellation
unit as blocks. In FIG. 14, the analog cancellation unit is
formed between a node before a signal passes through a band
pass filter via a power amplifier (PA) and then is output
through an antenna at a transmitter and a node prior to the
band pass filter before the signal passes an Rx antenna at a
receiver. In FIG. 15, only a degree corresponding to an odd
number is considered in order to reflect nonlinear distortion
and only third and fifth degrees are considered. In FIG. 15, an
operation part |.|? represents squaring of an input signal x(n)
and an operation part |.I* represents 4 squaring of an input
signal x(n).

In addition, when a degree of a seventh degree or more or
an even number is considered, blocks may be configured by
adding the degrees of FIG. 15. When these blocks are applied
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to an analog cancellation scheme for cancelling self-interfer-
ence, the corresponding cases may be represented according
to the following diagrams. FIGS. 16 and 17 illustrate the case
in which up to the tertiary nonlinear characteristics of an
antenna and a radio channel are considered.

FIG. 16 is a diagram illustrating an analog cancellation
scheme that considers nonlinear characteristic of a self-inter-
ference signal according to the present invention. FIG. 17 is a
block diagram illustrating an example of an analog cancella-
tion scheme and illustrates the case in which the analog can-
cellation scheme is extended, Q=2, and K=2.

Referring to FIG. 17, although F1G. 17 illustrates a variable
delay device, a fixed delay device can be used for reduction of
complexity. When the fixed delay device is used, the amount
of fixed delay is calculated so as to include an average value
of a delay value of experimentally measured average self-
interference. For example, when two fixed delays are used, an
average delay value of self-interference is T, a delay value of
fixed delay 1 may be set to be slightly smaller than T and a
delay value of fixed delay 2 may be set to be lightly greater
than T.

Referring to FIG. 16, in order to calculate b, to b, a pre-
amble or pilot signal that is known between a transmitter and
a receiver may be used. However, since a self-interference
signal is generated in one device, any signal output to a Tx
antenna, such as a data signal as the preamble or pilot signal
may be used as the preamble or pilot signal. When ¢,
(X)=IxI?*YD x is defined, Expression 5 below may be
obtained.

K [Expression 5]
YO = bt lxioy

k=1

When Expression 5 above is represented in the form of
matrix, Expression 6 below may be obtained.

D)= P FEOEE)) - - - Pulx(ta)]”
PE)=[¢1*)P>(x) - . . Px(x)]

y=¢b
Accordingly, in order to calculate a value ‘b’, pseudo-
inverse may be used.

b=@") ¢y

When the pseudo-inverse is calculated, the complexity of
hardware may be seriously increased. Accordingly, an opti-
mum coefficient b, may be calculated via an iteration method.
That is, b, may be changed step-wise for a predetermined
training period and an optimum value may be obtained using
a difference between a transmitted signal and a received sig-
nal. This structure may be represented as illustrated in FIG.
18.

Although not illustrated in FIG. 16, an analog cancellation
unit may further include a phase shifter that performs phase
shift on a signal output from a variable delay unit. Then
signals that pass through the phase shifter pass through the
operation part |.1? and a multiplier (x). When the phase shifter
is added, the characteristic of nonlinear phase change of an
antenna and radio channel may be well cancelled.

FIG. 18 is a diagram illustrating an analog cancellation
scheme that considers nonlinear characteristic of a self-inter-
ference signal according to the present invention.

As illustrated in FIG. 18, an analog cancellation unit may
further include a control block for calculating a variable delay
value and a value b,. In FIG. 18, the control block may

[Expression 6]
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calculate an optimum delay value and coefficient by compar-
ing a transmitted signal and a received signal using a pseudo-
inverse scheme or an iteration scheme as a calculation
method. Alternatively, a look up table (LUT) may be used for
convenience of implementation.

FIG. 19 is a diagram illustrating an analog cancellation
scheme that considers nonlinear characteristic of a self-inter-
ference signal according to the present invention.

FIG. 19 illustrates an example using a look up table (LUT).
As illustrated in FIG. 19, analog cancellation may be per-
formed in consideration of nonlinear characteristic by map-
ping an optimum coefficient corresponding to a degree to a
size corresponding to square of an input signal according to a
table and outputting a response value of the optimum coeffi-
cient.

InFIG. 19, ahigh degree method may also be embodied via
parallel use of a look up table (LUT) in a method or scheme
that considers degrees up to a third degree only, and the
control block used in FIG. 19 may be additionally used in
order to adjust values of the LUT.

In FIG. 19, an analog cancellation unit is configured by
assuming that a signal output from a Tx antenna is received by
an Rx antenna along a single path. However, since a signal
output to the Tx antenna is also received by the Rx antenna
along a multi-path, influence due to the multi-path needs to be
reflected. When a signal is received along a multi-path, the
analog cancellation unit configured in FIG. 19 may be added
in parallel between a transmitter and a receiver at each path.
The analog cancellation unit may be added according to the
multi-path, which may be applied to the block diagrams illus-
trated in FIGS. 14 and 17 as well as in FIG. 19.

An object of the aforementioned scheme proposed accord-
ing to the present invention is to completely recover a self-
interference signal in consideration of nonlinear characteris-
tic of an antenna and radio channel and to improve the
usefulness of frequency dependent rejection (FDR) by sub-
tracting a copied signal at a receiver to cancel a self-interfer-
ence signal.

According to an embodiment of the present invention, a
self-interference signal of nonlinear characteristic as well as
a self-interference signal of linear characteristic between
antennas may be completely cancelled in consideration of
nonlinear characteristic of an antenna and radio channel to
improve the usefulness of frequency dependent rejection
(FDR).

The embodiments of the present invention described above
are combinations of elements and features of the present
invention. The elements or features may be considered selec-
tive unless otherwise mentioned. Each element or feature
may be practiced without being combined with other ele-
ments or features. Further, an embodiment of the present
invention may be constructed by combining parts of the ele-
ments and/or features. Operation orders described in embodi-
ments of the present invention may be rearranged. Some
constructions of any one embodiment may be included in
another embodiment and may be replaced with correspond-
ing constructions of another embodiment. It is obvious to
those skilled in the art that claims that are not explicitly cited
in each other in the appended claims may be presented in
combination as an embodiment of the present invention or
included as a new claim by a subsequent amendment after the
application is filed.

It will be apparent to those skilled in the art that various
modifications and variations can be made in the present
invention without departing from the spirit or scope of the
inventions. Thus, it is intended that the present invention
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covers the modifications and variations of this invention pro-
vided they come within the scope of the appended claims and
their equivalents.

What is claimed is:

1. An apparatus for cancelling a self-interference signal
between a transmission antenna and a reception antenna, the
apparatus comprising:

a first self-interference signal cancellation unit for cancel-
ling a self-interference signal in consideration of a linear
channel between the transmission antenna and the
reception antenna;

a second self-interference signal cancellation unit for can-
celling a self-interference signal in consideration of non-
linear channel characteristic or linear characteristic of a
radio channel between the transmission antenna and the
reception antenna; and

a controller for comparing a transmitted signal output from
the transmission antenna and a received signal received
by the reception antenna to provide a first coefficient to
be applied to self-interference signal cancellation of a
linear element in the first self-interference signal can-
cellation unit and a second coefficient to be applied to
self-interference signal cancellation of a nonlinear ele-
ment in the second self-interference signal cancellation
unit.

2. The apparatus according to claim 1, wherein the second
self-interference signal cancellation unit cancels a self-inter-
ference signal of a nonlinear element using the second coet-
ficient.

3. The apparatus according to claim 1, wherein the first
self-interference signal cancellation unit cancels a linear self-
interference signal in consideration of time taken to receive
the transmitted signal by the reception antenna using the first
coefficient.
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4. The apparatus according to claim 1, wherein the first
self-interference signal cancellation unit and the second self-
interference signal cancellation unit are configured in series
between a receiver comprising the transmission antenna and
a receiver comprising the reception antenna.
5. The apparatus according to claim 1, wherein the control-
ler is configured between the transmission antenna and the
reception antenna.
6. The apparatus according to claim 1, wherein the first
self-interference signal cancellation unit, and the second self-
interference signal cancellation unit are connected and con-
figured in series between a node between a band pass filter
and a transmission antenna at a transmitter and a node
between a band pass filter and a reception antenna at a
receiver.
7. A method for cancelling a self-interference signal
between a transmission antenna and a reception antenna, the
method comprising:
comparing a transmitted signal output from the transmis-
sion antenna and a received signal received by the recep-
tion antenna to provide a first coefficient to be applied to
self-interference signal cancellation of a linear element
and a second coeficient to be applied to self-interfer-
ence signal cancellation of a nonlinear element;

cancelling a linear self-interference signal using the first
coefficient; and

cancelling a nonlinear self-interference signal using the

second coefficient.

8. The method according to claim 7, wherein the cancelling
of the linear self-interference signal comprises cancelling a
self-interference signal in consideration of time taken to
receive the transmitted signal by the reception antenna using
the first coefficient.



